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Abstract: The deprotonative functionalization of a,a-difluoromethyl
ketones is described herein. Using a catalytic organosuperbase and
a silane additive, the corresponding difluoroenolate could be
generated and trapped with aldehydes to deliver various a,a-difluoro-
B-hydroxy ketones in high yields. This new strategy tolerates
numerous functional groups and represents the access to the
difluoroenolate by direct deprotonation of the difluoromethyl unit. The
diastereoselective version of the reaction was also investigated with
dr. up to 93:7. Several transformations were performed to
demonstrate the synthetic potential of these o,a-difluoro-p-hydroxy
ketones. In addition, this method has been extended to the use of
other electrophiles such as imines and chalcogen derivatives, and a
difluoromethyl sulfoxide as nucleophile, thus leading to a diversity of
difluoromethylene compounds.

Introduction

Fluorinated molecules often lead to unique bioactivities compared
to their non-fluorinated analogs.! Currently, 53% of
agrochemicals® and 18% of pharmaceuticals® entering the
global market contain at least one fluorine atom. Among fluorine
synthons, the difluoromethylene group is an attractive structural
motif*! and presents a great importance in medicinal chemistry
thanks to its bioisosteric relationship with the carbonyl motif and
the oxygen atom.l"® In particular, a,o-difluoromethyl ketones and
a,a-difluoro-p-hydroxy ketones are versatile building-blocks
allowing access to various difluoromethylene compounds.?!
Furthermore, bioactive molecules containing the difluoroketone
unit have proved to be efficient inhibitors of many enzymes such
as the HIV protease or the GABAs receptor due to their ability to
form stable hydrates, hemiacetals or acetals.®®!%l The generation
of difluoroenolate is a method of choice to construct
difluoroketone substructures.l’! Several strategies have already
been developed for the preparation of a,o-difluoro-f-hydroxy
ketones involving diverse precursors leading to the enolate
(Scheme 1).B1% Many of these routes involve Mukaiyama aldol
reactions via synthesis of the difluoroenol silyl ether® or
Reformatsky-type reactions.ll However, these approaches suffer
drawbacks like the poor stability of the silyl enol ether or the use
of stoichiometric amounts of organometallic reagents. Other
strategies allowing for milder conditions have been described.

Selected examples of previous aldol-type reactions in the literature

Mukaiyama-aldol reaction by Zhou et al.

OTMS O Lewis Acid O OH
ewis Aci
R*J\rF + u\ —_— R
F F F
« Poor stability of silyl enol ether 42 examples
42-98%
Reformatsky reaction by Liu et al.
O O O OH
JJ\ . u\ Metal 1
R'" “CF,Br H R
F F
» Stoichiometric metal use 16 examples
40-86%
Trifluoroacetate release by Colby et al.
OHO OH [0} O OH
+ 1L Base
R! CFs H R!
F F F F
¢ Pre-functionalization of the substrate 16 examples
64-95%

Brook rearrangement/fluoride elimination by Leclerc et al.

(0] (0] TBAT O OH
I+ crms + U
R'” TTMS H R
F F
¢ Indirect method 18 examples
« Difficult access to acyl silanes 38-70%

This work: Deprotonative functionalization of difluoromethyl ketones

o P4-tBu (cat.) 0
Additive
M, + O - 0
F F
« Direct deprotonative functionalization 36 examples
¢ No pre-functionalization 30-95%

* Metal-free
* Various electrophiles

Scheme 1. Selected examples to access a,a-difluoro-B-hydroxy ketones and
our strategy.

such as the trifluoroacetate release to generate the
difluoroenolate from a stable precursor developed by Colby et
all'%I However, this method requires the pre-functionalization of
the substrate. A Brook rearrangement/fluoride elimination
process was also disclosed by Leclerc et al.l''? but this strategy



is limited by the difficult access to the acyl silanes. More
significantly, none of these methods report the direct
deprotonation of o, a-difluoromethyl ketones presumably because
of the poor stability of the generated carbanion leading to the
corresponding fluorocarbene due to electronic repulsion.

In this context, our group focused on the deprotonation of
difluoromethyl scaffolds!' and we already reported the
deprotonation of difluoromethyl sulfoxides to access a,a-difluoro-
B-hydroxy sulfoxides using the Schwesinger superbase (P4-tBu).
[6e-dl This base was already demonstrated by Shibata and
Mikamil'”l to stabilize “naked” o-fluorinated carbanions by the
counterion Ps-tBu/H* with increased reactivity towards
electrophiles. Its catalytic use has been highlighted by both
Mikami's!'""d and Shibata’s!'™ groups when employing silylated
additives such as  1-trimethylsilylpropyne (TMSP) or
tris(trimethylsilyl)amine, respectively. These additives could act
as a relay base or regenerate the Ps-tBu base. ['"® '8 Herein,
inspired by this new “superbase organocatalyst system”, we
desired to develop the unprecedented deprotonative
functionalization of o,a-difluoromethyl ketones using sub-
stoichiometric amounts of the P4-tBu base in the presence of
aldehydes as first electrophiles to access highly valuable
difluoromethylene compounds.

Results and Discussion

Firstly, o,a-difluoromethyl ketones 3a-c,[' 3e?%, 3i-jl'°l, 3k,2"
3122 and 3ml® were prepared following reported procedures in
the literature (see Supporting Information for details). To
synthesize unknown o,a-difluoromethyl ketones 3d-h, we
designed a new strategy relying on cheap aldehydes as starting
materials (Scheme 2). A Reformatsky-type reaction was
performed to afford the corresponding hydroxy esters 1 that were
further oxidized with DMP. The last step involved a Krapcho
dealkoxycarbonylation to obtain the desired ketone 3. This three-
step methodology is efficient, practical and only implies the use of
non-expensive reagents (see Supporting Information for more
details).

ZnEt;, (2.0 equiv.)
j\ BICF,COEt (12 equiv.)  §7 Q
A" H > Ar)ﬁ(U\OEt
THF, 25 °C, 40-48 h £ F
1d-h
39-85%
DMP (1.2 equiv.)
NaHCOj; (4.0 equiv.)
DCM, 25 °C, 30 min

H,0 (2.0 equiv.)
0 LiCI (2.0 equiv.) o O
A7 CHE, [| ™ Af)g(U\OEt
DMF, 160 °C, 5 h s
3d-h 2d-h
62-89% 73-98%

Scheme 2. Synthesis of aryl a,a-difluoromethyl ketones (see Supporting
Information for more details).

Then we started to investigate the aldol reaction using mesityl
ketone 3g and p-anisaldehyde (Table 1). These compounds are
substrates of choice since the corresponding signals in NMR

facilitate the reaction monitoring. Furthermore, since the mesityl
ketone 3g is not volatile unlike many difluoromethyl ketones, its
use is more convenient. Inspired by Mikami's!'"¥ and Shibata’s!'™!
reports and after a slight optimization, our best conditions were
defined as follows: 1.0 equivalents of o,a-difluoromethyl ketone,
1.2 equivalents of aldehyde, 1.5 equivalents of TMSP, 10 mol%
of Ps-tBu in THF (C = 0.66M) at 25 °C for 24 h under argon
atmosphere. Delightfully, under these conditions and after
desilylation with TBAF, the targeted product 4l was obtained in a
high isolated yield of 93% (Entry 1). By employing
tris(trimethylsilyl)amine (N(TMS)s), a similar yield of 90% was
achieved (Entry 2). A control experiment showed that no reaction
occurs in the absence of the Ps-tBu base (Entry 3). Another
additional experiment was conducted without TMSP leading to a
significantly lower yield of 43 % (Entry 4). The use of another base
such as KHMDS did not lead to an effective transformation with
only 32% yield (Entry 5). In this case, the K* counterion is
presumably more coordinating thus making the formed anion less
reactive, whereas Ps-tBu/H* allows the formation of a “naked”
carbanion with increased nucleophilicity.'® In addition,
unmasking the alkyne by fluoride-promoted desilylation with CsF
or AgF was ineffective (Entry 6 and 7). Finally, DMF was used as
an alternative solvent, since it is known to stabilize fluorinated
carbanions by forming hemiaminolate species?! but the yield
drastically decreased to 59% (Entry 8).

Table 1. Optimized conditions and deviation effect.[?

1) P4-tBu (10 mol%)

o TMSP (1.5 equiv.) O OH
ll\ + JOL THF (0.66M), 0 to 25 °C, 24 h u}(k
L 1
R'" SCHF, H ) > R
1.2 equiv 2) TBAF (1.2 equiv.) F F
=AU ThE 25°C, 11
3g: R = Mesityl 4
= p-Anisyl
Entry Deviation from standard conditions Yield (%)®!
1 None 93
2 N(TMS)3 instead of TMSP 90
3 Without P4-tBu 0
4 Without TMSP 43
5 KHMDS instead of P4-tBu 32
6 CsF instead of Ps-tBu Traces
7 AgF instead of Ps+-tBu Traces
8 DMF instead of THF 59

[a] See the Supporting Information for more details. [b] Isolated yield.

Next, with the optimal conditions in hand, we decided to
investigate the scope and limitations of this organocalytic aldol
reaction using various difluoromethyl ketones with benzaldehyde
as the electrophile (Scheme 3). When employing difluoroaceto-



Variation of the difluoromethyl ketone?

O OH O OH O OH (0] OH X O OH
MeO F5C X
4d

4a 4b 4c 4e: X= OMe, 68%
45%P 39% 0% 88% 4f: X = Cl, 72%
1g scale: 71%
O OH O OH O OH
— =

FF - FF N\_§ F F
4g° 4h 4i
88% CCDC 2192082 89% 0%
o OH O OH A Possible by-products [t

a4k 4m '
91% (20%)¢ Traces 0% :

Variation of the aldehyde

O OH :
/Se\ | e e
S : O HO CHF,
FF FF oh Z % : RMR HO // HO //
41 : FF R™ "CHF,  H7R
5 6 7

0O OH O OH

4n 40: R = OMe, 93%

72% 1g scale: 90%
4p: R = NMe,, 83%
4q: R = CF3, 95%
4r: R = CO,Me, 93%
4s: R =Br, 75%

0O OH

a
o OH
foen
4t: p-Me, 82%

4u: o-Me, 70%
4v: m-Me, 85%

O OH O OH
4w: X =0, 87% 4y
4x: X = S, 86% 84%

O OH O OH O OH O OH
FF M M F F F F

4z \ 4aa 4ab 4ac 4ad
67% 71%P 81% 65% 50%
Diastereoselective version?
O OH
F F OBn
70:30 d.r. 93:7 d.r. 85:15 d.r. 55:45 d.r.

4ae, Major dia, 30%, e.e.

4af, Major dia, 83%

4ag, Major dia, 79%, 97.5% e.e.

4ah, Major dia, 50%, 99% e.e.
4ah’, Minor dia, 27%, 99% e.e.

[a] Reaction conditions: ketone (1.0 equiv.), aldehyde (1.2 equiv.), 1-trimethylsilylpropyne (1.5 equiv.), P4-tBu (10 mol%), THF (C = 0.66M), 25
°C, until completion (16-24h); [b] 'F NMR yield, determined using fluorobenzene as internal standard; [c] ORTEP structure of 4g (CCDC
2192082);!?° ellipsoids at the 30% probability level; [d] 91% obtained with N(TMS); and 20% obtained with 1-trimethylsilylpropyne.

Scheme 3. Scope of the deprotonative functionalization of a,a-difluoromethyl ketones in the presence of aldehydes to access a,a-difluoro-p-hydroxy ketones.

phenone 3a, the desired compound 4a was observed in 45% '°F
NMR vyield along with the by-product 5 coming from the self-
condensation of 3a. In addition, we never managed to obtain
compound 4a as a pure sample due to degradation during
purification as also described by Leclerc et al. for the same
product."'@ In order to avoid the formation of the by-product, a
methoxy group was introduced in the para position leading to aldol
4b in 39% vyield. On the contrary, with a a-CF3 substituent, the
desired product 4c was not obtained and only the self-
condensation adduct was identified. The use of ortho di-

substituted ketones with methoxy or chloro moieties led to similar
yields of 68% and 72% (4e-f), respectively. As well, we performed
the reaction with mesityl and pentamethyl difluoromethyl ketones
to access the aldols 4g-h in high yields. The structure of derivative
4g was confirmed by X-ray crystallography.?”® Furthermore,
heteroaryl ketones were employed such as thiophene or indole
derivatives without any success as only traces of the desired
aldols were observed. Finally, the reaction was carried out with
aliphatic ketones. When adamantyl ketone was reacted under the
optimized conditions, product 4k was only obtained in 20% yield



along with two side products 6 and 7 coming from the addition of
the alkynide to the ketone and aldehyde starting materials (see
mechanism below). By switching the silane source to N(TMS)s to
overcome the generation of 6 and 7, an excellent yield of 91%
was obtained, probably due to the lower nucleophilicity of the
silane employed. Then, by conducting the reaction with an
enolizable ketone such as a cyclohexyl derivative, only traces of
the aldol 41 were detected and the substrate was fully recovered.
An ynone was also used but without success since a complete
degradation of the latter was observed.

In summary, the substituents linked to the aryl difluoromethyl
ketone have a significant role since the reaction is more efficient
with electron-rich and ortho-substituted aryl ketones. On the one
hand, the introduction of electron-donating substituents allows to
limit/avoid the formation of the self-condensation side product by
decreasing the electrophilicity of the ketone. On the other hand,
regarding ortho-substituted substrates, the bulky aromatic ring is
twisted out of conjugation, thus protecting the carbonyl from this
dimerization. Concerning aliphatic ketones, only the non-
enolizable derivatives seem to be tolerated, probably due to a
deprotonation competition on both sides of the carbonyl
function.l®l

To follow our investigations, we then evaluated the impact of the
starting aldehyde on the course of the reaction. Interestingly,
difluoroacetophenone 3a and para-trifluoromethyl benzaldehyde
afforded the corresponding aldol 4n in 70% yield. As anticipated,
the use of a more electron-poor electrophile instead of
benzaldehyde prevents the dimerization of the ketone. Then,
diverse aldehydes were reacted with the mesityl ketone 3g. Aryl
aldehydes bearing electron-donating or electron-withdrawing
groups at the para position of the phenyl ring gave the targeted
products 4o-t in good yields (68-88%). Ortho- and meta-
substituted benzaldehydes also gave excellent results with yields
up to 85% (4u-v). Pleasingly, heteroaryl aldehydes such as furan,
pyridine or indole derivatives provided products 4w-z in satisfying
yields (67-87%). The reaction was also performed with
cinnamaldehyde leading to the 1,2-addition product 4aa in 71%
F NMR yield. The use of alkyl aldehydes (enolizable or not)
allowed the access to the desired compounds 4ab, 4ac, 4ad in
moderate to good yields ranging from 50 to 81%. We also
demonstrated the feasibility of this aldol reaction on a gram scale
(1 gram of 3d gave 71% of 4d and 1 gram of 3g gave 90% of 4g).
Afterwards, we developed the diastereoselective version of this
aldol reaction using enantiopure and/or diastereopure aldehydes.
Gratifyingly, with  2-(benzyloxy)propionaldehyde displaying
central chirality, a good d.r. (70:30) was achieved and the major
diastereoisomer 4ae was isolated in 30% yield. Unfortunately, this
diastereoisomer was obtained as a racemic mixture probably due
to a racemization of the parent aldehyde during the reaction (with
reprotonation by the aldehyde or the difluoroketone). Conversely,
a related aldehyde with two contiguous stereocenters involved in
an acetonide moiety led to 4af in 83% yield, 93:7 d.r. and >99%
e.e. We then employed an atropisomeric (hetero)biaryl described
by Wencel-Delord and Ackermann,?® and the targeted product
4ag was obtained in a high yield with 85:15 d.r. and 97.5% e.e.
The atropisomeric biaryl reported by Shi et al?l gave the
corresponding aldols 4ah-ah’ in a low d.r. of 55:45. However, the
diasteroisomers were separated by column chromatography and
obtained with 99% e.e.

Based on previous reports by Mikamil'” and Shibata,['™®! a
plausible mechanism can be proposed for this aldol-type reaction

(Scheme 4). According to our observations, the mechanism would
imply two pathways. The path one would firstly involve the
deprotonation of the difluoromethyl ketone 3 by the Ps-tBu base
and condensation on the aldehyde to form the ion pair A. The
generated alkoxide should activate the trimethylsilyl group on the
alkyne to access the desired compound C. At this time, the formed
alkynide B would act as a base to deprotonate another equivalent
of the ketone. The generated carbanion could then react with the
aldehyde forming again the ion pair A, leading to the targeted
product C after reaction with TMSP. Prior to desilylation, the silyl
ether C was observed by analysis of the crude mixture, thus
supporting our mechanistic hypothesis. As the reaction can still
proceed without the silane, although a significantly lower yield
was obtained (i.e. 43% vs 93% with TMSP), a complementary
mechanism was considered. This second pathway relies on the
deprotonation of the ketone 3 by the alkoxide formed leading
directly to the aldol 4. However, in the presence of TMSP, the
generation of volatile propyne seems to be a putative driving force
in this aldol process. Notably in both pathways and as described
by Mikamil'™ and Shibata,'™ the counterion Ps-tBu/H* is
supposed to play an important role in this mechanism. The latter
might indeed form a stabilized ion pair with the alkoxide and by its
non-coordinating character, enhance the nucleophilicity of the
anion.

lg(k j)j\CHFz
fL

3
l P4tBu
©

CHF2
TBAF o 0
%(k Po-BuH®
G  OTMS ™S Me O
MYK A
FF o 3
¢ [PytBUH — ~ =—Me
B
™S 00

Jg(k [Py- tBu]H

Scheme 4. Proposed mechanism to access a,a-difluoro-p-hydroxy ketones.

In addition, following our hypothesis and in accordance with the
literature, the Ps-tBu base should not be regenerated during the
reaction given its high basicity (pKa = 42.6 in MeCN).?® To shed
light on the mechanism, we monitored the aldol reaction by 3'P
NMR for several hours (see Supporting Information for more
details) and only the protonated base was detected, thus
supporting our assumption.



Finally, to exploit the synthetic potential of our o,a-difluoro-f-
hydroxy ketones, we carried out several transformations (Scheme
5). First, a diastereoselective reduction using DIBAL allowed us
to form the anti-diol 8d in a quantitative yield. Then, in the
presence of magnesium and trimethylsilyl chloride, the o-
monofluorinated ketone 9d was isolated in 70% '°F NMR yield
with a satisfying Z/E ratio of 92:8. Unfortunately, no pure sample
was obtained due to degradation during purification by flash
chromatography on silica gel. Next, to convert the aryl moiety
introduced by the difluoroketone into a more transformable group,
a Baeyer-Villiger oxidation provided the corresponding B-hydroxy
ester 10d in an unoptimized 59% yield. This product was then
converted into amide 11d and carboxylic acid 12d with excellent
yields.

HOH O OH
Bn\J}(k
N

Anti-8d 11d
Quantitative yield 94%

Benzylamine
(1.1 equiv.)
MeCN, 25 °C, 16 h

DIBAL (1.5 equiv.)
THF, -78°C, 1 h

m-CPBA @\/ Q O
(2 5 equiv.) O)S(k
DCM HFIP FF
25°C,48h 10d

59%
1) Mg (8.0 equiv.)
TMSCI (4.0 equiv.) NaOH (2M)

THF,0°C,1h
2) HCI (1M), 25 °C, 30 min

0 O OH
- 0?5
F FF
9d

12d
92%

EtOH, 25 °C, 24 h

70%2
ZIE = 92:8
[a] "°F NMR yield (determined using fluorobenzene as internal standard)

Scheme 5. Follow-up chemistry.

To go one step further, we envisioned to extend our method to
other electrophilic partners (Scheme 6). Pleasingly, diverse
electrophiles were well tolerated. The use of imines led to the
formation of compounds 13a and 13b in high yields. By employing
an a,B-unsaturated ketone, only the 1,4-addition compound 13c
was obtained in 60% yield contrary to the use of acrolein that only
afforded the 1,2-addition product 4aa. Next, diketone 13d was
obtained in 30% vyield in the presence of benzoic anhydride. We
also studied the reaction with chalcogen derivatives such as
diphenyl disulfide or diphenyl diselenide giving the corresponding
products 13e-f with yields around 60%. Finally, using an alkynyl
bromide, we managed to form a-bromo-a,a-difluoromethyl ketone
13g in 62% of NMR yield. Unfortunately, the compound could not
be properly isolated since degradation always occurred during
purification. To gain insight on this process using other
electrophiles, control experiments were carried out in the absence
of TMSP notably in the case of alkynyl bromide and
dichalcogenides. As well as for the aldol reaction, a decrease in

yield and conversion was noticed (see Supporting Information for
more details). These results are consistent with the previous
hypothesis that propyne generation is the driving force of the

reaction.
Variation of electrophiles

P4-tBu (10 mol%)
TMSP (1.5 equiv.)
——

THF, 0 to 25 °C FF
3 1.2 equiv. 16-24h 13

. L
0 HNT'® 0 HN
S¢S % T

X, -0

CHF,

Br

13a 13b
70%2°

88%*?

o o
13c 13d
60%° 30%¢

o L

13e, X = S, 61%°

13f, X = Se, 63%° 2% 9

[a] Using the corresponding imines; [b] The reaction was stirred for 64
h; [c] Using (E)-chalcone; [d] Using benzoic anhydride; [e] Using
dipheny! disulfide or diselenide; [f] '°F NMR yield (determined using
fluorobenzene as internal standard); [g] Using 1-(2-bromoethynyl)-3,5-
dimethoxybenzene.

Scheme 6. Deprotonation of a,a-difluoromethyl ketones in the presence of

other electrophiles.

Furthermore, in view of our previous work on ao,a-difluoromethyl
sulfoxides, 24 we desired to assess them in our deprotonative
functionalization strategy as an interesting electron-poor CHF2-
containing alternative to difluoromethyl ketones (Scheme 7).
Thus, by submitting racemic sulfoxide 14 in the presence of
benzaldehyde to the above-mentioned conditions, the
corresponding B-hydroxysulfoxide 15 was isolated in 62% yield
and 54:46 d.r. Noteworthily, this selectivity has to be compared to
the similar one obtained with stoichiometric potassium tert-
butoxide as the base (ca. 60:40) whereas stoichiometric amounts
of P4-tBu led to 99:1 d.r. under kinetic resolution by degradation
of one diastereomer.[6dl

Other CHF,-contaning substrate

1) P4-tBu (10 mol%)
TMSP (1.5 equiv.)

H
(us? . 5 THF, 0 to 25 °C, 24 h ('s)' 't
p-Tol” “~CHF, H » p-Tol” )8\
2) TBAF (1.2 equiv.) FF
14 1.2 equiv. THF,25°C,1h 15
62%
54:46 d.r.



Scheme 7. Deprotonative functionalization of an a,a-difluoromethyl sulfoxide.

Conclusion

In conclusion, we have developed the first direct aldol reaction of
a,a-difluoromethyl ketones via their deprotonation using a
catalytic organosuperbase. This condensation proved to be highly
efficient and led to a wide range of a,a-difluoro-p-hydroxy ketones
in the presence of aryl, heteroaryl as well as alkyl aldehydes with
yields up to 95%. We also managed to perform the
diastereoselective version of the latter reaction using enantiopure
aldehydes displaying central or axial chirality with
diastereoisomeric ratios up to 93:7. Furthermore, we
demonstrated the synthetic potential of the obtained o,a- difluoro-

B-hydroxy ketones by submitting them to different transformations.

Finally, this deprotonative functionalization strategy was applied
to various other electrophiles such as imines or chalcogen
derivatives giving access to highly valuable difluoromethylene
compounds. The use of another CHF2-containing substrate,
namely an o,a-difluoromethyl sulfoxide, was also well tolerated in
this deprotonation process.

Experimental Section

The data that support the findings of this study are available in the
Supporting Information of this article.
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